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ABSTRACT
Eukaryotic telomeres are transcribed into telomeric
repeat-containing RNA (TERRA). Telomeric tran-
scription has been documented in mammals, birds,
zebra fish, plants and budding yeast. Here we show
that the chromosome ends of Schizosaccharomyces
pombe produce distinct RNA species. As with
budding yeast and mammals, S. pombe contains
G-rich TERRA molecules and subtelomeric RNA
species transcribed in the opposite direction of
TERRA (ARRET). Moreover, fission yeast chromo-
some ends produce two novel RNA species: C-rich
telomeric repeat-containing transcripts (ARIA) and
subtelomeric transcripts complementary to ARRET
(aARRET). RNA polymerase II (RNAPII) associates
with pombe chromosome ends in vivo and the telo-
meric factor Rap1 negatively regulates this associ-
ation, as well as the cellular accumulation of RNA
emanating from chromosome ends. We also show
that the RNAPII subunit Rpb7 and the non-canonical
poly(A) polymerases Cid12 and Cid14 are involved in
the regulation of TERRA, ARIA, ARRET and aARRET
transcripts. We confirm the evolutionary conserva-
tion of telomere transcription, and reveal intriguing
similarities and differences in the composition and
regulation of telomeric transcripts among model
organisms.
INTRODUCTION
Telomeres, the heterochromatic structures protecting the
integrity of eukaryotic chromosome ends, are transcribed
into telomeric repeat-containing RNA (TERRA) (1–3).
TERRA has been identiﬁed in different mammals, birds,
Saccharomyces cerevisiae, Danio rerio and Arabidopsis
thaliana (4–8). Individual TERRA transcripts contain
G-rich telomeric RNA repeats and RNA tracts
corresponding to adjacent subtelomeric sequences.
In mammalian cells with telomeres up to 20kb, TERRA
ranges in size between  100 and more than 9000 bases
(5,7). In budding yeast strains with telomeres of
 400bp, most TERRA molecules are below 500 bases
in length (6). A C-rich telomeric repeat-containing RNA
complementary to TERRA has not been detected in mam-
malian and budding yeast cells (5–7). Budding yeast also
contains RNA molecules dubbed ARRET, which are
complementary to the subtelomeric tract of TERRA mol-
ecules but are devoid of detectable telomeric repeats (6).
Whether ARRET also exists outside of budding yeast is
unclear.
TERRA transcription is mainly sustained by the
DNA-dependent RNA polymerase II (RNAPII) (5–7).
In cultured mammalian cells, the RNAPII inhibitor
alpha amanitin diminished TERRA cellular levels (7).
Analogously, temperature sensitive (ts) alleles of the
budding yeast RNAPII subunit Rpb3p failed to sustain
TERRA expression at restrictive temperatures (6). In
addition, active RNAPII was found to associate with
mammalian and budding yeast telomeres in vivo (6,7,9).
In particular in humans, active RNAPII binds to speciﬁc
promoter regions dedicated to the transcription of
TERRA (9,10). Human TERRA promoters lie within
the subtelomere of various chromosome ends and are
embedded within CpG dinucleotide-rich islands. These
CpG islands are methylated by the concerted activity of
DNA methyltransferase (DNMT) 1 and 3b to repress their
transcriptional activity (9,10).
Human and yeast TERRA molecules contain
7-methylguanosine cap structures at their 50-ends and are
at least in part ( 11% in human and  100% in budding
yeast cells) 30 polyadenylated (6,7,11,12). Interestingly,
human poly(A)+ TERRA molecules displayed a longer
half-life than their poly(A)  counterparts (12), and inacti-
vation of the Pap1p poly(A) polymerase in budding yeast
led to TERRA disappearance (6).
While the cellular localization of TERRA has not
been determined in yeast, RNA ﬂuorescence in situ hy-
bridization (FISH) studies demonstrated that a fraction
of human and mouse TERRA stably associates with
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including transcriptionally inactive metaphase (2,5,7).
Total TERRA cellular levels are nonetheless
down-regulated during S-phase progression when
chromosomal DNA is replicated, suggesting a coordin-
ation between TERRA regulation and telomere replica-
tion (12,13). Indeed, recent evidence indicates that
during S-phase in human cancer cells, TERRA and
heterogeneous nuclear protein A1 (hnRNPA1) regulate
timing of an exchange at telomeres between replication
protein A (RPA) and POT1, both ssDNA-binding
proteins (13). TERRA might also play a role in telomeric
heterochromatin establishment. Transfection of human
cancer cells with short interference RNA molecules
against TERRA UUAGGG repeats resulted in a  40%
reduction of TERRA levels and in decreased density of the
heterochromatin marks di- and tri-methylated histone
H3K9 at telomeres (14). It has also been proposed that
TERRA negatively regulates telomerase-mediated
telomere elongation. RNA oligonucleotides comprising
the TERRA-like sequence (UUAGGG)3 inhibited
human telomerase activity in vitro (7,15). Moreover,
forced transcription of a yeast chromosome end led to
shortening of its telomeric tract, although it remains
unclear whether this shortening resulted from
compromised telomerase function (16).
Here, we present the ﬁrst molecular characterization
of telomere transcription in the ﬁssion yeast Schizosac-
charomyces pombe. Fission yeast telomeric RNA species
include: (i) telomeric G-rich TERRA; (ii) a novel comple-
mentary C-rich class that we name ARIA; (iii) ARRET;
and (iv) a novel antisense ARRET that we call aARRET.
We refer to the ensemble of these RNA classes as ‘the
telomeric transcriptome’. Both TERRA and ARIA
localize to the nucleus. RNAPII binds in vivo to
TERRA transcription start sites, which are located
subtelomerically, and ARRET and aARRET cellular
levels decrease upon functional inactivation of the
RNAPII subunit Rpb7. We also show that the telomeric
factor Rap1 restricts RNAPII binding to TERRA TSS
and the cellular accumulation of the telomeric transcrip-
tome. Finally, at least a fraction of TERRA and the
large majority of ARRET and aARRET molecules








Original Schizosaccharomyces pombe strains used in this
study were kind gifts from Julie Promisel Cooper, Karl
Ekwall and Marc Bu ¨ hler or were purchased from
Bioneer Corporation (Table 1). Strains were manipulated
according to standard methods (17,18). Strains were
grown in yeast extract medium with amino acid supple-
ments (YES) and 150mgml
 1 Geneticin was added to the
medium when required. CAF55, CAF101 and CAF103
strains were generated by replacement of the complete
SPBC1778.02 ORF with a SPBC1778.02::kanMX4 re-
sistance cassette PCR ampliﬁed from CAF39. All strains
were validated for correct genomic locus arrangement by
PCR, RT–PCR and appropriate phenotypic analyses.
RNA isolation and analysis
Total RNA was isolated as described previously (19) from
exponentially growing yeasts (OD595: 0.5–1.0) and treated
twice with RNase-free DNase (Qiagen) to eliminate
DNA contaminations. Poly (A)+ RNA was isolated
from total RNA using the GenElute mRNA miniprep
kit (Sigma) according to the manufacturer instructions.
For northern blot analysis, RNA was electrophoresed in
1.2% formaldehyde agarose gels, transferred to positively
charged nylon membranes (GE Osmonics) and hybridized
to radioactively labeled probes at 45–60 C for 18h.
Oligonucleotide probes were 50-end labeled with T4 poly-
nucleotide kinase (New England Biolabs) in the presence
of [g-
32P]ATP. Strand-speciﬁc ARRET and aARRET
probes were generated using genomic PCR products as
template DNA for primer extension reactions carried
out with each oligonucleotide used for PCR in presence
of Klenow Fragment (New England Biolabs) and
Table 1. Yeast strains used in this study
Strains Genotype Source
CAF1 h
+ ade6-M210 ura4-D18 leu1-32 (wt) Bioneer Corporation
CAF2 h
+ ade6-M216 ura4-D18 leu1-32 (wt) Bioneer Corporation
CAF4 h
+ ade6-M210 (or ade6-M216) ura4-D18 leu1-32 DSPBC543.03c::kanMX4 Bioneer Corporation
CAF13 h
  (strain 972) J. P. Cooper
CAF39 h
+ ade6-M216 ura4-D18 leu1-32 DSPBC1778.02::kanMX4 Bioneer Corporation
CAF55 h
  DSPBC1778.02::kanMX4 This study
CAF97 h
+ leu1-32 ura4-DS/E ade6-DNcoI cc2SphII::ura4+ K. Ekwall
CAF98 h
  rpb7-G150D (csp3ts) K. Ekwall
CAF101 h
+ leu1-32 ura4-DS/E ade6-DNcoI cc2SphII::ura4+ DSPBC1778.02::kanMX4 This study
CAF103 h
  rpb7-G150D (csp3ts) DSPBC1778.02::kanMX4 This study
CAF109 h
90 mat3::ura4+ ura4-DS/E leu1-32 ade6-M210 DSPAC12G12.13c::kan M. Bu ¨ hler
CAF117 h
+ ade6-M210 ura4-D18 leu1-32 DSPAC19D5.03::kanMX4 Bioneer Corporation
CAF118 h
+ ade6-M216 ura4-D18 leu1-32 DSPBC1685.06::kanMX4 Bioneer Corporation
CAF28 h
+ ade6-M216 ura4-D18 leu1-32 DSPCC663.12::kanMX4 Bioneer Corporation
CAF119 h
+ ade6-M216 ura4-D18 leu1-32 DSPAC17H9.01::kanMX4 Bioneer Corporation
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32P]dCTP. The DNA probe detecting simultaneously
S. pombe TERRA and ARIA was a DNA fragment
excised from the plasmid pIRT2-Telo (kind gift of
Julie P. Cooper) and labeled by random priming in
presence of [a-
32P]dCTP. After hybridization, membranes
were washed twice in 2  SSC, 0.2% SDS and once in
1  SSC, 0.2% SDS at the same temperature as for
hybridizations. Radioactive signals were detected
using a Typhoon FLA 9000 Biomolecular Imager
(GE Healthcare) and analyzed using ImageJ (National
Institutes of Health, MD, USA) and Adobe Photoshop
software. For RT–PCR experiments, total RNA was
treated three times with RNase-free DNase (Qiagen) and
reverse transcribed using the SuperScript III First-Strand
Synthesis System (Invitrogen) according to manufacturer
instructions. cDNA was PCR ampliﬁed using Taq DNA
Polymerase (New England Biolabs) with an activation
step at 98 C (30s) followed by 28 cycles at 98 C (10s),
58 C (15s) and 72 C (20s) and a ﬁnal extension step at
72 C (5min). PCR products were electrophoresed in 1.6%
agarose gels. Oligonucleotide sequences are listed in
Supplementary Table S1.
50- and 30-RACE
The FirstChoice RLM-RACE kit (Ambion) was used to
determine S. pombe TERRA transcription start sites and
ARRET 30-ends. Nearly, 1–10mg of total RNA was used
as starting material. All steps were carried out according
to the manufacturer instructions using the oligonucleo-
tides listed in Supplementary Table S1. For TERRA
TSS determination, RNA was reverse transcribed using
oligonucleotides oC and cDNA was ampliﬁed by nested
PCR using o5 and o3 oligonucleotides in combination
with inner and outer RACE primers supplied with the
kit. For ARRET 30-end determination, RNA was
reverse transcribed using a modiﬁed oligo d(T) supplied
with the kit and cDNA was ampliﬁed by nested PCR
using o3 and o3i oligonucleotides in combination with
inner and outer RACE primers supplied with the kit.
PCR products were electrophoresed in agarose gels, gel
puriﬁed and cloned into pDRIVE cloning vector
(Qiagen). Eight to 18 independent plasmids were
sequenced for each RACE reaction.
RNA FISH
Schizosaccharomyces pombe cells were grown to mid-log
phase and ﬁxed in 4% paraformaldehyde for 1h at RT.
Cells were washed three times in 0.1M sodium phosphate
buffer (pH 6.0) and treated with 1mg/ml Novozym
(Sigma Aldrich) and 5mg/ml Zymolyase 20T (Seikagaku
Biobusiness) dissolved in PEMS buffer (100mM PIPES
pH 6.9, 0.1mM MgCl2, 1mM EGTA, 1.2M sorbitol)
for 20min at 37 C. Spheroplasts were washed three
times in 300ml of PEMS buffer without enzymes and
50ml of cell suspension were spotted onto poly-L-lysine
coated multiwell slides. Cells were incubated successively
in 70, 85 and 100% ethanol and air-dried. Cells were
blocked in prehybridization solution [4  SSC, 5 
Denhardt solution, 1mg/ml E. coli tRNA (Sigma
Aldrich)] for 30min at RT and successively hybridized
using 2.5ng/ml cy3-conjugated oligonucleotides oC or
oG (Supplementary Table S1) at 42 C for 16h in a
humid chamber. After hybridization, slides were washed
four times in 4  SSC at 42 C for 10min each, stained with
100ng/ml DAPI dissolved in 1  PBS and mounted
in Vectashield medium (Vector Laboratories). Images
were acquired using the Axiovert 200M epiﬂuorescence
microscope (Zeiss) equipped with an ORCA-ER CCD
camera (Hamamatsu) and analyzed using the Adobe
Photoshop software.
Chromatin immuno-precipitation
For each sample, 150ml of yeast culture (OD595:  1) was
cross-linked in 1% formaldehyde for 30min and succes-
sively quenched in 125mM Glycine for 5min. Cross-
linked material was resuspended in 400ml of lysis buffer
[50mM HEPES-KOH pH 7.5, 140mM NaCl, 1mM
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate,
protease inhibitor cocktail (Roche)] and subjected to
mechanical lysis with glass beads using the FastPrep
FP220 apparatus (three times 4.5m/s for 45s). Lysates
were centrifuged for 30min at 16000g and pellets were
resuspended in 500ml of lysis buffer and sonicated in
a Bioruptor UCD-200. Sonicated material was centrifuged
for 5min at 10000g and supernatant containing frag-
mented chromatin was recovered. For each IP, an equiva-
lent of 25 ODs was immunoprecipiated using 2.4mg
of anti-Phospho RNA Polymerase II (S2) antibody
(A300-654A, Bethyl Laboratories), or 2.4mgo f
anti-Phospho RNA Polymerase II (S5) antibody
(A300-655A, Bethyl Laboratories), or 3ml of anti-RNA
Polymerase II antibody (17-672, Millipore). Immunopre-
cipitations were performed on a rotating wheel at 4 Ci n
presence of 25ml Protein A/G sepharose beads (GE-
Healthcare). Beads were washed three times in lysis
buffer, once in lysis buffer containing 500mM NaCl,
once in wash buffer (10mM Tris–HCL, 0.25M LiCl,
0.5% Nonidet P40, 05% sodium deoxycholate) and once
in lysis buffer. Immunoprecipitated chromatin was eluted
in elution buffer (1% SDS, 100mM Sodium Bicarbonate,
40mg/ml RNAse A) and incubated at 37 C for 1h.
Cross-links were reversed at 65 C for 16h. DNA was
puriﬁed with the Wizard SV Gel and PCR Clean-Up
System (Promega). Quantitative real-time PCR was per-
formed using the Rotor-Gene Q light cycler (Qiagen) and
the LightCycler 480 SYBR Green I master mix (Roche).
Primers for TERRA TSS were TSS-Fw and TSS-Rv;
primers for act1 were act1RT-Fw act1RT-Rv (Sup-
plementary Table S1). The levels of cellular RNAPII mol-
ecules were monitored by standard western blot
procedures using the same antibodies used for chromatin
immuno-precipitation (ChIP).
RESULTS
Independent transcripts originate from ﬁssion yeast
chromosome ends
To test whether ﬁssion yeast chromosome ends are
transcribed, we extracted total RNA from wild-type (wt)
and from mutant yeasts deleted for the telomeric factor
Nucleic Acids Research,2012, Vol.40, No. 7 2997Rap1. This deletion leads to telomere elongation and
derepression of telomere position effect (TPE) (20,21),
conditions expected to facilitate detection of TERRA.
RNA hybridization using random primer-labeled probes
corresponding to the S. pombe telomeric sequence
produced a prominent, disperse RNase-sensitive hybrid-
ization smear primarily between 2 and 0.1kb but extend-
ing up to  5kbinrap1 samples. A hybridization signal
around 0.5kb was barely detectable in wt samples
(Supplementary Figure S1A). We then hybridized identi-
cal RNA membranes with oligonucleotides complemen-
tary to the G-rich or the C-rich strand of S. pombe
telomeres (oligonucleotides oC and oG, respectively; see
Figure 1A). The two oligonucleotide probes hybridized
to digested genomic DNA with similar efﬁciencies
(Supplementary Figure S1B). Unexpectedly, hybridization
smears similar in size distribution and intensity were
observed with both oligonucleotide probes in rap1
RNA samples (Figure 1B). Two discrete faint bands of
 0.7 and 1.1kb were also observed in wt and rap1
samples with both oligonucleotides (see arrowheads in
Figure 1B). Thus, unlike budding yeast and mammals
(5–7), ﬁssion yeast contains not only TERRA but also
C-rich telomeric RNA repeats and Rap1 restricts the
cellular levels of both telomeric repeat-containing RNA
species. We named this new C-rich telomeric RNA
ARIA (the Italian noun for air, the complementary
element of earth, in Italian TERRA). Given the repetitive
nature of TERRA and ARIA sequences, the telomeric
oligonucleotides are expected to base pair more often
with longer molecules, thereby producing a stronger
hybridization signal. Considering that the intensity of
TERRA and ARIA hybridization smears are similar
throughout the covered range of molecular weights
(Figure 1B), we conclude that the median length of
TERRA and ARIA molecules is shorter than the one of
Figure 1. (A) Schematic representation of S. pombe chromosome ends and telomeric transcriptome. Telomeric repeats are in black and subtelomeric
sequences in white. Oligonucleotides used for RT–PCR and/or northern blotting are indicated by arrows. The sketch is not in scale. (B) RNA
isolated from wt and rap1 cells was hybridized with the indicated probes. Exposures and signal detection were performed in parallel for TERRA
and ARIA as well as for ARRET and aARRET. The black arrowheads indicate two discrete bands of  0.7 and 1.1kb detected by oC and oG
oligonucleotides and of so far unknown origin. The asterisks indicate major hybridization bands corresponding to ARRET and aARRET RNA
species. U6 snRNA was used as loading control. Molecular weights are on the left in kb. (C) Total RNA from wt and rap1 strains was reverse
transcribed (RT) using oC (left panels) or o1 (right panels) oligonucleotides and cDNA was PCR ampliﬁed using o2+o3 or o2+oC oligonucleotides.
The most right samples correspond to control reactions where template was omitted. Molecular weights are on the right in bp.
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ments performed in rap1 strains generated in an inde-
pendent genetic background revealed that ARIA
steady-state levels are higher than the ones of TERRA
(data not shown; see also Greenwood and Cooper, this
issue), suggesting strain-speciﬁc mechanisms of regulation.
The 50-rapid ampliﬁcation of cDNA ends (RACE) ex-
periments performed using oC oligonucleotides for reverse
transcription identiﬁed a unique transcription start site
(TSS) for TERRA both in wt and in rap1 cells.
TERRA TSS lies within the TAS1 telomere-associated se-
quences present on chromosomes I and II ends and it co-
incides with a subtelomeric Adenine positioned 211nt
upstream of the ﬁrst telomeric repeat (Figure 1A and
Supplementary Figure S2). Therefore, TERRA also
exists in wt yeast and—like in other organisms—
TERRA transcription starts within subtelomeric regions
and proceeds toward chromosome ends (5,6). Given the
high sequence conservation among TAS1 sequences from
different chromosome ends, TERRA molecules
originating from independent chromosomes are expected
to be identical. In addition, because our RACE protocol
only allows ampliﬁcation of RNA molecules with a
methylated 50 cap, at least a fraction of S. pombe
TERRA is 50 methylated. Finally, while TERRA TSS is
only a few hundreds base pair away from the telomeric
tract, TERRA molecules are up to  5kb long in rap1
cells (Figure 1B and Supplementary Figure S1A). We
conclude that single TERRA molecules in the mutant
strain are mostly composed of telomeric RNA repeats
and their length heterogeneity stems mainly from 30-ends.
We then hybridized wt and rap1 RNA using strand-
speciﬁc probes corresponding to a 171bp subtelomeric
genomic sequence comprised between TERRA TSS and
the telomeric tract. The 171bp fragment was PCR
ampliﬁed from genomic DNA with o1+o3 oligonucleo-
tides and radioactively labeled by extension of either o1
or o3 primer (Figure 1A and Supplementary Figure S2).
Hybridizations with probes labeled with o1 oligonucleo-
tides (probe o1+o3
o1) produced discrete RNase-sensitive
hybridization fragments of  1.6 and 0.8kb both in wt and
rap1 samples. An additional band of  0.6kb was
detected in wt samples (Figure 1B and Supplementary
Figure S1A). These subtelomeric RNA species transcribed
in the opposite direction of TERRA likely correspond to
ARRET, originally described in budding yeast (6). The
30-RACE experiments identiﬁed two genomic Guanines
placed 1904 and 1897nt upstream of the ﬁrst telomeric
repeat both in wt and rap1 strains and few base pairs
away from two putative polyadenylation signal sequences
(Figure 1A and Supplementary Figure S2). These 30-ends
can account for the  1.6kb ARRET molecules detected
by northern blot (Figure 1B). Because shorter ARRET
species were also detected, we infer that alternative
30-ends should be located downstream to the ones
identiﬁed in our RACE experiments. Indeed, while the
identiﬁed 30-ends are embedded within TAS2 elements,
highly homologous ( 90%) sequences exist within TAS1
elements and extend for  400bp upstream of the ﬁrst
telomeric repeat.
Hybridizations with complementary probes (o1+o3
o3)
revealed faint discrete hybridization products of  1.6
and 0.8kb mostly evident in rap1 samples (Figure 1B
and Supplementary Figure S1A). No obvious hybridiza-
tion smear was generated by these probes, which are
expected to detect TERRA molecules through base
pairing with their subtelomeric tract. Our interpretation
is that o1+o3
o3 probes primarily detect subtelomeric
RNA molecules that are more abundant than TERRA
but transcribed in the same orientation. The lengths of
these molecules are strikingly similar to the ones of
ARRET molecules (Figure 1B) and we dubbed these
RNA anti-ARRET (aARRET). While ARRET-
associated hybridization signal is obviously more intense
than the one associated to aARRET, o1+o3
o1 probes
generated less intense signals than o1+o3
o3 probes when
hybridized to genomic DNA (Supplementary Figure S1B).
Therefore, ARRET is considerably more abundant than
aARRET. As with TERRA and ARIA, Rap1 negatively
regulate the steady-state levels of ARRET (Figure 1B),
and to much lower extents of aARRET.
We then performed RT-PCR experiments using differ-
ent combinations of oligonucleotides for RT and succes-
sive PCR reactions (Figure 1A and Supplementary Figure
S2). First, we reverse transcribed total RNA using oC
oligonucleotides and performed PCR ampliﬁcations with
o2+o3 oligonucleotides. We obtained amplicons of the
expected 171bp in both wt and rap1 RNA samples
(Figure 1C), conﬁrming the existence in both strains of
canonical TERRA molecules composed of subtelomeric
and telomeric sequences. We then reverse transcribed
RNA with o1 oligonucleotides and performed o2+o3
PCR ampliﬁcations. Again, we obtained the expected
171bp amplicons both in wt and rap1 strains (Figure
1C). These ampliﬁcation products could derive from
either ARRET or ARIA molecules, if ARIA contained
subtelomeric sequences. To distinguish, we PCR ampliﬁed
the same cDNA samples with o2+oC oligonucleotides. No
ampliﬁcation product was produced with cDNA prepared
with o1 oligonucleotides, while several discrete amplicons
were produced with cDNA prepared with oC oligonucleo-
tides (Figure 1C). The sequence of these amplicons corres-
ponded to DNA fragments initiating with the o2
oligonucleotide and ending at different positions within
the telomeric tract (data not shown). This conﬁrmed
that the 171bp ampliﬁcation products obtained using
o2+o3 oligonucleotides for PCR of cDNA prepared
using oC oligonucleotides are derived from RNA
molecules containing both telomeric and subtelomeric se-
quences (i.e. TERRA). In contrast, the 171bp ampliﬁca-
tion products obtained using o2+o3 oligonucleotides
for PCR of cDNA prepared using o1 oligonucleotides
likely originate from RNA molecules with subtelomeric
sequences devoid of telomeric repeats (i.e. ARRET).
Moreover, ARIA molecules appear to be largely or com-
pletely devoid of subtelomeric sequences. In summary,
four independent RNA species emanate from ﬁssion
yeast chromosome ends: TERRA, ARIA, ARRET and
aARRET (see sketch in Figure 1A). We refer to the
ensemble of these transcripts as ‘the telomeric
transcriptome’.
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telomeric transcritptome
To test whether RNAPII sustains transcription of
S. pombe chromosome ends, we ﬁrst performed ChIPs
using antibodies directed against total RNAPII or
against RNAPII C-terminal domain (CTD) repeats
phosphorylated at Serine 2 (pS2) or Serine 5 (pS5).
Co-immunoprecipitated DNA was subjected to real-time
quantitative PCR using oligonucleotides spanning
TERRA TSS. Although at low levels (0.05–0.15% of
input DNA), TERRA TSS DNA was reproducibly re-
covered in wt ChIP samples with all antibodies above
control ChIPs performed using only beads. A 6- to
9-fold increase over wt was measured in rap1 samples,
while the cellular levels of total or phosphorylated
RNAPII were not altered by rap1
+ deletion (Figure 2A
and B). PCR ampliﬁcations using primers speciﬁc for
the highly transcribed act1
+ gene validated our ChIP
protocols (Figure 2A). Hence, RNAPII is bound to
TERRA TSS in vivo and Rap1 negatively regulates such
binding. We conclude that the increased levels of
TERRA—and perhaps of the entire telomeric transcrip-
tome—observed in rap1 strains (Figure 1B) are likely to
derive at least in part from increased RNAPII-mediated
transcription of chromosome ends.
We next exploited a ts allele of the RNAPII subunit
Rpb7 (rpb7-G150D), which becomes fully dysfunctional
when cells are grown at the restrictive temperature 36 C
(22). We generated rap1
+ deletion strains carrying the
rpb7-G150D mutation and prepared total RNA from
cells grown at the permissive temperature 22 C, or
incubated at 36 C for 1 or 2h. TERRA and ARIA
steady-state levels were already reduced at permissive tem-
peratures in rap1/rpb7-G150D cells as compared to
single rap1
+ deletion counterparts. In addition, the tem-
perature shift induced a gradual loss of TERRA and
ARIA levels, independent of the Rpb7 status (Figure 3A
and B). In contrast, ARRET and aARRET transcripts
were unaffected in rpb7-G150D mutants at permissive
temperatures, while a sudden decline of their levels was
observed upon shift to restrictive temperatures only in
strains carrying the mutation (Figure 3A and B). The
steady-state levels of the unstable 35S and 32S precursor
ribosomal RNA and unspliced U6 snRNA, which are
transcribed by RNAPI and RNAPIII, respectively, were
not diminished in rpb7-G150D strains at restrictive tem-
peratures (Figure 3A) indicating that RNAPI and
RNAPII were still functional. We conclude that Rpb7
most probably sustains ARRET and aARRET transcrip-
tion, while it remains to be carefully determined whether
and to what extent it participates in TERRA and ARIA
biogenesis.
Polyadenylation of the S. pombe telomeric transcriptome
To analyze the polyadenylation state of the S. pombe
telomeric transcriptome, we prepared poly(A)+ RNA
from wt and rap1 cells, and subjected it to northern
blot hybridization (Figure 4A and B). Conﬁrming the
efﬁciency of our fractionation protocol, poly(A)+ act1
+
mRNA was readily detected in all poly(A)+ fractions
while only traces of poly(A)  18S ribosomal RNA
(rRNA) were detected in the same fractions (Figure 4B).
Hybridizations with oC and oG oligonucleotides
produced only very faint signals in the poly(A)+fractions
of wt and rap1 samples. In contrast, ARRET and
aARRET species were present in the poly(A)+ fractions
at ratios comparable to that measured for act1
+ mRNA
(Figure 4A and B).
We then reverse transcribed wt and rap1 RNA with
poly(T) oligonucleotides and ampliﬁed cDNA with o2+o3
oligonucleotides (Figure 1A and Supplementary Figure
S2). For both strains we obtained the expected 171bp
amplicons. Ampliﬁcation of the same cDNA using
o2+oC oligonucleotides produced several ampliﬁcation
products in both cDNA samples (Figure 4C), conﬁrming
the presence of telomeric repeats at least in some cDNA
molecules. These results imply that the majority of
ARRET and aARRET molecules and a minor fraction
of TERRA molecules are polyadenylated. Our experimen-
tal set up does not allow us to distinguish between ampli-
ﬁcation products originating from different RNA species,
nor to estimate whether a minor fraction of ARIA is
polyadenylated.
The non-canonical poly(A) polymerases Cid12 and Cid14
differentially regulate the cellular levels of the telomeric
transcriptome
As already mentioned, inactivation of canonical poly(A)
polymerase activity led to TERRA disappearance in
Figure 2. (A) Chromatin isolated from wt and rap1 cells was immuno-precipitated using antibodies against RNAPII C terminal domain repeats
either unmodiﬁed (atotal) or phosphorylated at Serine 2 (apS2) or Serine 5 (apS5). Quantitative real-time PCR was performed using primers ﬂanking
TERRA TSS (left graph) or amplifying a fragment from the highly transcribed RNAPII substrate gene act1 (right graph; positive control). Graphs
show the fraction of input DNA retrieved in the different samples, after subtraction of the background signal measured for control reactions
performed using only beads. Bars and error bars are averages and standard deviations from three independent experiments. (B) Total proteins were
extracted from wt and rap1 strains and analyzed by western blot with the same antibodies used for ChIP. Act1 was used as loading control.
3000 Nucleic Acids Research, 2012,Vol.40, No. 7Figure 3. (A) Wt and rap1 strains carrying intact Rpb7 or the G150D mutation were grown at permissive temperature (22 C) for several gen-
erations and then shifted to restrictive temperature (36 C) for 1 or 2h. Total RNA was isolated and subjected to northern blot analyses as in
Figure 1B. After signal detection, membranes were stripped and hybridized using probes detecting 35S and 32S precursor rRNAs (unstable RNAPI
transcripts), intron-containing U6 snRNA (U6
IN; unstable RNAPIII transcript) and 18S rRNA (loading control). Molecular weights are on the left
in kb. The asterisks indicate the ARRET and aARRET hybridization signals used for quantiﬁcations. (B) Quantiﬁcations of TERRA, ARIA,
ARRET and aARRET levels at permissive and restrictive temperatures. Values were normalized through the relative 18S values and expressed
as fold increase over rap1 at 22 C. Values and error bars are averages and standard deviations from two independent experiments.
Figure 4. (A) Total RNA from wt and rap1 strains was subjected to poly(A)+ fractionation and corresponding volumes of total and poly(A)+
RNA were hybridized to detect TERRA, ARIA, ARRET and aARRET. The asterisks indicate the major hybridization bands corresponding to
ARRET and aARRET RNA species. Molecular weights are on the left in kb. (B) The same RNA as in A was hybridized using probes detecting the
polyadenylated act1
+ mRNA and the non-polyadenylated 18S rRNA. (C) Total and poly(A)+ RNA was RT using poly(T) oligonucleotides and
cDNA was PCR ampliﬁed using o2+o3 or o2+oC oligonucleotides. The most right sample corresponds to a control reaction where template was
omitted. Molecular weights are on the right in bp.
Nucleic Acids Research,2012, Vol.40, No. 7 3001budding yeast (6). In ﬁssion yeast, inactivation of the
canonical polyA polymerase Pla1 is lethal (23) and
conditional pla1
+ mutants are not available. Therefore,
we were unable to test to what extent this enzyme regu-
lates the telomeric transcriptome. On the other side,
several non-essential, non-canonical poly(A) polymerases,
belonging to the Cid1 family, exist in ﬁssion yeast (24). We
prepared total RNA from exponentially growing cells
deleted for the non-canonical poly(A) polymerases Cid1,
Cid11, Cid12, Cid16 and Cid14. Northern blot analysis
revealed that the telomeric transcriptome was differential-
ly affected by cid12
+ and cid14
+ deletions. In cid12
mutants, both TERRA and ARIA species were elevated
when compared to wt cells, but they did not reach the
levels measured in rap1 strains. On the contrary, the
steady-state levels of ARRET and aARRET were not
altered in a noticeable manner (Figure 5A and B). In
cid14 cells, TERRA molecules were readily detected
and were similar both in size and abundance to the ones
detected in rap1 cells. ARIA and ARRET steady-state
levels were also elevated as compared to wt, although
to lower extents than in rap1 cells. Finally, aARRET
RNA was elevated by 2-fold in the cid14
+ deleted strain
(Figure 5A and B).
Schizosaccharomyces pombe TERRA and ARIA localize
to the nucleus
To determine the cellular localization of TERRA and
ARIA, we performed RNA-FISH on ﬁxed cells using
cyanine 3 (cy3)-conjugated oC and oG oligonucleotides.
Consistent with the northern blot results, rare ( 3–6%)
stained cells were observed in wt samples. In approxi-
mately half of rap1 cells both probes generated
positive hybridization signals conﬁned to DAPI stained
nuclear territories (Figure 6). RNase A treatment of
ﬁxed cells prior to hybridization substantially reduced
the number of positive cells in both backgrounds, conﬁrm-
ing that the probes hybridized to RNA molecules
(Figure 6). While the signal detected with oG probes
was diffused within the nucleus, the signal obtained with
oC probes formed 1–3 discrete foci in all positive cells
(Figure 6). We conclude that ARIA, or most of it, is
nucleoplasmic while TERRA is recruited to discrete chro-
matin domains at least in part independently of Rap1.
Attempts to combine RNA-FISH with immunostaining
of telomeric proteins were unsuccessful. Nonetheless,
bearing in mind that mammalian TERRA remains
associated to telomeres throughout the cell cycle (2,5),
we suspect that the TERRA foci visualized in our experi-
ments localize to chromosome ends.
DISCUSSION
The telomeric transcriptome of the model organism
S. pombe comprises a complex array of independent tran-
scripts deriving from chromosome ends. As for budding
yeast (6), ﬁssion yeast cells contain TERRA and ARRET
molecules. In addition, we report here for the ﬁrst time the
existence of two novel classes of chromosome end-derived
transcripts, ARIA and aARRET. The novel aARRET
species should be investigated in other model systems,
since we are not aware of published strategies that
would have detected them. On the contrary, attempts to
detect ARIA failed in mammalian and budding yeast cells
(4–8). Nevertheless, it remains possible that rapidly
degraded, unstable ARIA transcripts are produced also
in mammals and budding yeast. A recent study from the
Riha laboratory showed that the ends of several
Arabidopsis chromosomes are transcribed into TERRA
molecules. Furthermore, northern blot hybridization of
Arabidopsis RNA revealed C-rich telomeric repeats
forming a diffuse hybridization signal (8). Although the
majority of this RNA appears to stem from transcription
of centromeric loci containing relics of telomeric DNA,
the authors of this study concluded that the telomeric
fraction of this C-rich telomeric RNA corresponded to
Figure 5. (A) RNA isolated from the indicated strains was hybridized
as in Figure 1B. Two membranes obtained from blotting of gels run
in parallel were ﬁrst hybridized to detect TERRA and ARIA. After
parallel exposures and signal detection, the same membranes were
stripped and hybridized to detect ARRET and aARRET and succes-
sively to detect U6 snRNA (loading control). The asterisks indicate the
hybridization bands used for ARRET and aARRET quantiﬁcations.
Molecular weights are on the left in kb. (B) Quantiﬁcations of northern
blots shown in (A). TERRA, ARIA, ARRET and aARRET hybrid-
ization signals were normalized through the relative U6 signals and
expressed as fold increase over cid12 samples for TERRA and
ARIA and wt samples for ARRET and aARRET. nd: not determined.
3002 Nucleic Acids Research, 2012,Vol.40, No. 7ARRET transcripts (8). Our results challenge this conclu-
sion and suggest that ARIA molecules could be present at
readily detectable levels also in plants. A detailed charac-
terization of the telomeric transcriptome of Arabidopsis
will clarify to what extent it resembles the one of S. pombe.
As with other organisms, RNAPII plays a major role in
the biogenesis of the telomeric transcriptome of ﬁssion
yeast. The physical association of active RNAPII to
S. pombe TERRA TSS suggests that TERRA is indeed
the outcome of RNAPII-mediated transcription of telo-
meric tracts. This hypothesis is further substantiated by
the fact that the telomeric factor Rap1 negatively regulates
the association of RNAPII to TERRA TSS and increased
TERRA cellular levels are measured in rap1 strains as
compared to wt. Because ARRET and aARRET mol-
ecules contain TERRA TSS sequences, it is likely that
the detected binding of RNAPII to this region derives
not only from RNAPII molecules actively transcribing
TERRA, but also ARRET and/or aARRET. We have
also shown that the essential RNAPII subunit Rpb7
sustains ARRET and aARRET cellular levels. The
rpb7-G150D mutation used in this study was previously
shown to compromise transcription initiation of reverse
centromeric dg-dh repeats through binding to their pro-
moters (22). Although the existence of ARRET and
aARRET promoters have not been demonstrated yet, it
is plausible that Rpb7 could mediate transcription initi-
ation of ARRET, aARRET or both.
Complementary centromeric dg-dh repeat transcripts
are precursors of centromeric siRNAs, which, in turn,
mediate establishment of centromeric heterochromatin
(25–27). The complementary nature of ARRET and
aARRET raises the possibility that they might form
double-stranded RNA intermediates, successively pro-
cessed into siRNA molecules in vivo. Indeed, subtelomeric
siRNAs have been identiﬁed in S. pombe, although
genomic mapping assigned them to loci laying several
kilo bases upstream of ARRET 30-ends (28). It will be
important to directly search for ARRET-like siRNA se-
quences and, if they exist, test their putative functions in
establishing heterochromatin at chromosome ends.
TERRA and ARIA molecules could also base pair
in vivo as to give rise to telomeric siRNA molecules
similar to the ones described in mammalian and plant
cells (8,29). Further supporting this hypothesis, both
TERRA and ARIA are upregulated in cid12 strains.
Cid12 associates with the RNA-directed RNA polymerase
Rdp1 and with the RNA helicase Hrr1 to form a catalyt-
ically active RNA-directed RNA polymerase complex
(RDRC) (30). Inactivation of Rdp1 or Cid12 leads to
derepression of centromeric gene silencing and impaired
production of centromeric siRNA molecules (30). It is
possible that the accumulation of TERRA and ARIA in
cid12 cells is the outcome of compromised processing of
these molecules into siRNA. Alternatively, the RDRC
complex could contribute to the establishment of telomer-
ic heterochromatin and the elevated levels of TERRA and
ARIA in cid12 mutants might underscore a lack of telo-
meric silencing. These results also suggest that canonical
RDRC activity does not contribute to the transcription
of the telomeric transcriptome, a notion further sub-
stantiated by the fact that the steady-state levels of
Figure 6. Exponentially growing wt and rap1 cells were hybridized in situ using cy3-conjugated oC or oG oligonucleotides to detect TERRA and
ARIA, respectively. Control cells were treated with RNase A (RN) prior to hybridization. In the merge panels TERRA and ARIA are in red, DAPI
stained DNA in blue. Numbers indicate the fraction of cells displaying positive hybridization signals in the different samples. White arrowheads
point to example of positively stained nuclei.
Nucleic Acids Research,2012, Vol.40, No. 7 3003TERRA, ARIA, ARRET and aARRET were not dimin-
ished in rdp1 cells (data not shown; see also Greenwood
and Cooper, this issue).
ARRET and aARRET species are fully polyadenylated,
while TERRA, and perhaps ARIA, only marginally.
Polyadenylation of non-coding RNAs can lead to their
destabilization through nuclear RNA degradation
pathways in several eukaryotes. For example, S. cerevisiae
strains deﬁcient for the nuclear exosome component
Rrp6p or for members of the TRAMP polyadenylation
complex such as Trf4p accumulated polyadenylated tran-
scripts originating from RNAPII-mediated transcription
of intragenic regions (31–34). Similarly, budding yeast
TERRA and ARRET transcripts accumulated in trf4
strains (6). Because, Cid14 is the pombe functional
homolog of Trf4p (24), our results suggest an evolutionary
conservation of the TRAMP complex-associated roles in
muting the telomeric transcriptome. Intriguingly, budding
yeast TERRA was rapidly destabilized upon functional
inactivation of the poly(A) polymerase Pap1p (6) and
the poly(A)+ fraction of human TERRA had a longer
half life than its poly(A)  counterpart (12). Altogether,
these observations portray a scenario where the
polyadenylation state of the different RNA species of
the telomeric transcritpome is differentially dictated by
alternative poly(A) polymerases as to direct them toward
or protect them from degradation pathways.
In conclusion, our extensive analysis of the telomeric
transcriptome of S. pombe has revealed that transcription
of chromosome ends gives rise to an intricate array of
RNA species more complex than previously anticipated.
We have also started to unravel the molecular networks
sustaining the biogenesis and regulation of the S. pombe
telomeric transcriptome. We anticipate that our results
will pave the way for a large body of research aiming at
understanding the molecular roles associated to the telo-
meric transcriptome in a genetically tractable model
organism bearing telomeres closely resembling those of
humans.
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